
A
T

E

D

B
r
m
s
f
c
i
m
m
a
c
M
c
t
n
t
s
(
t
m
e
a
p
p
c
t
c
n
d
d
r
f
m
i
fl

C
i
F
fi
b
d
c
i

GASTROENTEROLOGY 2009;136:1721–1731
melioration of Colitis by Genetically Engineered Murine Regulatory
Cells Redirected by Antigen-Specific Chimeric Receptor
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ackground & Aims: The therapeutic application of
egulatory T cells (Tregs) for the treatment of inflam-

atory diseases is limited by the scarcity of antigen-
pecific Tregs. A preferred approach to endow ef-
ector T cells (Teff) with a desired specificity uses
himeric immune receptors with antibody-type spec-
ficity. Accordingly, employing such chimeric im-

une receptors to redirect Tregs to sites of inflam-
ation may be a useful therapeutic approach to

lleviate a broad scope of diseases in which an un-
ontrolled inflammatory response plays a major role.
ethods: To enable application of the approach in

linical setting, which requires the genetic modifica-
ion of the patient’s own Tregs, we describe here a
ovel protocol that allows the efficient retroviral

ransduction and 2,4,6-trinitrophenol-specific expan-
ion of murine naturally occurring regulatory T cells
nTregs), with a 2,4,6-trinitrophenol-specific tripar-
ite chimeric receptor. Results: Transduced Tregs

aintained their Foxp3 level, could undergo repeated
xpansion upon ex vivo encounter with their cognate
ntigen in a major histocompatibility complex-inde-
endent, costimulation-independent, and contact-de-
endent manner and specifically suppressed Teff
ells. Adoptive transfer of small numbers of the
ransduced nTregs was associated with antigen-spe-
ific, dose-dependent amelioration of trinitrobenze-
esulphonic acid colitis. Conclusions: This study
emonstrates that nTregs can be efficiently trans-
uced to express functional, antigen-specific chimeric
eceptors that enable the specific suppression of ef-
ector T cells both in vitro and in vivo. This approach

ay enable future cell-based therapeutic application
n inflammatory bowel disease, as well as other in-
ammatory disorders.

D4�CD25� regulatory T cells (Tregs) are potent
inducers of peripheral tolerance that are character-

zed by constitutive expression of the transcription factor
oxp3.1 Treg activation is believed to be antigen-speci-
c,2,3 although their suppressor function is considered to
e nonantigen-specific and is mediated by contact-depen-
ent mechanisms as well as by secretion of suppressive
ytokines such as transforming growth factor (TGF)-�,

nterleukin (IL)-10, and IL-35.4,5 Impaired Treg accumu-
ation and function in inflammatory sites have been sug-
ested to be central in the pathogenesis of multiple
utoimmune disorders, including autoimmune thyroid-
tis, gastritis, insulitis, arthritis, encephalomyelitis, and
olitis, whereas adoptive transfer of Tregs was demon-
trated in animal models to be beneficial in both prevent-
ng and ameliorating these disorders.6 –9 Because antigen-
pecific Tregs are extremely rare, studies utilizing this cell
ype have generally employed adoptive transfer of large
umbers of nonspecific Tregs or isolated Tregs from
ransgenic mice expressing T-cell receptor (TCR) specific
o a particular major histocompatibility complex (MHC)-
eptide complex.10,11

We have recently described the development of Tregs
hat transgenically express a chimeric receptor (CR) com-
osed of an antibody variable region specific for 2,4,6-
rinitrophenol (TNP) that was fused to the extracellular
nd transmembrane domain of the CD28 costimulatory
olecule and intracellular domain of the stimulatory

c-� receptor chain. A transgenic mouse expressing this
eceptor on all T cells was found to be nearly resistant to
,4,6-trinitrobenzenesulphonic acid (TNBS) colitis.12

oreover, adoptive transfer of small numbers of Tregs
xpressing this tripartite chimeric receptor (TPCR) re-
ulted in antigen-specific, MHC-nonrestricted, and co-
timulation-independent Treg accumulation and activa-
ion at inflamed colonic sites, leading to cure of acute
xperimental colitis. To employ this approach in the
ontransgenic setting (such as in human disease), Tregs
ust be transduced with vectors encoding a CR, then

elected on the basis of TPCR expression, and finally
xpanded ex vivo to enable their clinical use. The partial
cquisition of regulatory functions by retroviral or lenti-
iral transduction of Teff cells with vectors encoding
oxp3 has been reported.13 However, nTregs are consid-
red extremely resistant to transduction with retroviral or
entiviral vectors, which may stem from nTreg anergy
hat impedes preactivation of Tregs, a prerequisite step

Abbreviations used in this paper: CR, chimeric receptor; Teff, effec-
or T cells; Tg, transgenic; nTregs, naturally occurring regulatory T cells;
NBS, 2,4,6-trinitrobenzenesulphonic acid; TNP, 2,4,6-trinitrophenol;
PCR, tripartite chimeric receptor; Tregs, regulatory T cells.

© 2009 by the AGA Institute
0016-5085/09/$36.00
doi:10.1053/j.gastro.2009.01.049
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or successful and efficient retroviral transduction.14 In
his report, we describe, for the first time, the develop-

ent of a protocol that enables efficient and reproduc-
ble retroviral transduction of murine nTregs as well as
heir selection and expansion, leading to a highly en-
iched population of antigen-specific nTregs that retain
oxp3 expression and suppressive capabilities both in
itro and in vivo.

Materials and Methods
Mice
Transgenic mice expressing the TNP-specific CR

TNP-TPCR) were generated as previously described.15 In
ll experiments, 8- to 10-week-old female Balb/C or
57bl mice were used. All manipulations were carried out

n accordance with guidelines of the Institutional Animal
are and Use Committee.

Antibodies, Cell Lines, and Reagents
Anti-CD3-APC and anti CD3-PERCP antibodies

ere purchased from Biolegend (San Diego, CA). Foxp3
xpression in lymphocytes was determined using either
ITC or APC-labeled anti-mouse Foxp3 staining kit

Ebioscience, San Diego, CA) and FACS sorting. Anti-
diotypic monoclonal antibodies (mAb) GK 20.5 (anti-
p6) was a gift from the late Prof G. Köhler16; 2C11, a
amster anti-mouse CD3� mAb was kindly provided by
rof J. Bluestone (UCSF, San Francisco, CA). Anti-mouse
D28 (37.51) was purchased from Southern Biotechnol-
gy Associates, Inc (Birmingham, AL).

Flow Cytometry
Lymphocytes (1 � 106) were incubated with the

ppropriate antibodies in staining buffer (5% fetal calf
erum [FCS], 0.05% sodium azide in phosphate-buffered
aline) for 30 minutes on ice. Cells were analyzed by flow
ytometry using a FACSort (Becton Dickinson, Moun-
ain View, CA) and CellQuest software (Becton Dickin-
on).

Induction of Hapten-Mediated Colitis
TNBS colitis was induced as previously de-

cribed.12

Adoptive Transfer Experiments
In adoptive transfer experiments, mice were pre-

onditioned with intraperitoneal cyclophosphamide (200
g/kg) 10 days prior to induction of colitis. Tregs (1 �

05) were intraperitoneally injected into mice 16 hours
ollowing induction of colitis.

Murine Colonoscopy
For monitoring colitis, we employed a high-reso-

ution murine video endoscopic system, consisting of a
iniature endoscope (scope, 1.9-mm outer diameter), a
enon light source, a triple chip camera, and an air pump s
Coloview; Karl Storz, Tuttlingen, Germany) to achieve
egulated inflation of the mouse colon.17 The endoscopic
rocedure was viewed on a color monitor and digitally
ecorded in anesthetized mice. Video files were processed
ith the Windows Movie Maker software (Microsoft
orp, Ra’anana, Israel). Endoscopic quantification of co-

itis was graded for bowel thickening (0 –3), changes in
owel vascularity (0 –3), presence of fibrin deposits (0 –3),
ranularity of the mucosal surface (0 –3), and bowel con-
istency (0 –3).

Preparation of GP�e Packaging Cells
The DNA for the anti-TNP scFv-CD28-FcR�

PCR was previously described16 and was cloned into the
etroviral vector p-Bullet, which contains a GFP encoding
egment cotranslated with the TPCR through an internal
ibosomal entry site. This plasmid along with Gag/Pol/
nv (Gp�e) constructs were transfected using the Ping-
ong method by a Ca2PO4 kit (Mammalian Transfection
it; Stratagene, La Jolla, CA) in accordance with the
anufacturer’s directions. Briefly, the “Ping-Pong” method

nvolves transfection of an equal mix of HEK293 and
hoenix packaging cells at 80% confluence and incuba-
ion for 48 hours. After transfection, the viral superna-
ant was collected and used to stably transduce GP�e
ackaging cells. Cultures of infected GP�e were then
orted. Packaging cells with the highest levels of green
uorescent protein expression were collected and re-
rown. The sorting procedure was repeated several times
o achieve a stable monoclonal GP�e cell line, which
roduces high titers of retrovirus encoding the plasmid
or the TNP-TPCR.

Retroviral Transduction of
CD4�CD25�Tregs
To produce viral supernatant, selected virus-pro-

ucing GP�e packaging cells were cultured overnight in
00 � 20-mm Petri dishes at 80% confluence with 5 mL
omplete Dulbecco’s modified Eagle medium (DMEM)
DMEM supplemented with 10% FCS, 4 mmol/L L-glu-
amine, 1 mmol/L sodium pyruvate, nonessential amino
cids, and streptavidin/penicillin). CD4�CD25�Tregs
ere isolated from wild-type Balb/c splenocytes using a
D4�CD25�Tregs isolation kit (Miltenyi Biotech, Ber-
isch Gladbach, Germany) to achieve a purity of over
2%. The isolated cells were preactivated for 4 to 18 hours
ith 2 �g/mL Concanavalin A or with plate bounded
nti-CD3 and anti-CD28 antibodies (plated at 1 ng/mL
nd 5 ng/mL, respectively). Activation and following
ransduction steps were performed either in Biotarget-1
erum-free medium (Biological Industries, Beit Haemek,
srael) or in complete medium (RPMI supplemented with
0% FCS); both media were supplemented with 750
/mL IL-2, 4 mmol/L L-glutamine, 1 mmol/L sodium
yruvate, 0.01 mol/L HEPES, 50 �mol/L 2-ME, nones-

ential amino acids, and streptavidin/penicillin. For ret-
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oviral transduction, viral supernatant was filtered
hrough a 0.45-�m filter and supplemented with 750
/mL recombinant mouse IL-2. Next, 750-�L cell-free

iral supernatant was administered to each well of 24-
ell plates precoated with 5 �g/mL retronectin (Takara
io Inc, Shiga, Japan). Plates were centrifuged at 1000g

or 30 minutes at room temperature. The activated Tregs,
esuspended in 750-�L cell-free viral supernatant, were
istributed to the same retronectin-coated, virus-contain-

ng wells (1.5 � 106 activated Tregs/well). Plates were
hen centrifuged again at 1000g for 1 hour at room
emperature and incubated for 5 hours. After incubation,
iral supernatant was replaced with either Biotarget-1 or
PMI 1640 complete medium. Plates were incubated in
% CO2 for an additional 2 days before flow cytometry
nalysis or further experimentation.

Statistical Analysis
Statistical evaluation was performed using the

npaired Student t test or analysis of variance parametric
ests. The log-rank test was used for all experiments in
hich survival was assessed as an end point. P � .05 was

onsidered significant.

Results
Development of a Protocol for Efficient
Retroviral Transduction of Murine nTregs
With Vectors Encoding TNP-Specific TPCR
Therapeutic application of the Treg-T body ap-

roach necessitates that nTregs be efficiently transduced
x vivo with vectors encoding a CR to enable their timely
ntigen-specific suppression of the inflammatory re-
ponse. To develop such a protocol, we transduced

ouse nTregs with retroviruses encoding anti-TNP-
PCR (under the control of the cytomegalovirus pro-
oter), produced in high titers by a mouse-specific pack-

ging cell line (GP�e).
Our conventional retroviral transduction protocols,18

onsisting of a 36- to 48-hour preactivation period with
late-coated anti-CD3 and anti-CD28 antibodies, and
se of RPMI medium supplemented with 10% FCS
ielded disappointingly low levels of nTreg transduction
less than 5%, on average), in comparison with 30%–50%
ransduction levels in Teff cells (data not shown). Such
evels were insufficient to provide usable numbers of
ells. To improve these low transgene expression levels,
ultiple modifications of the transduction protocols
ere attempted; the main parameters modified included
ode of Treg activation (soluble Concanavalin A vs

lastic bound anti-CD3 and anti-CD28 antibodies),
ransduction medium (serum containing medium vs se-
um-free Biotarget medium, number of retroviral trans-
uctions (single vs double incubation with viral superna-
ant), and duration of Treg preactivation (4 –72 hours). In
ll combinations, preactivation of Tregs with Concanava-

in A was clearly superior to anti-CD3 and anti-CD28 c
ntibodies, with best transduction efficacy obtained with
shortened preactivation period of 14 –18 hours (Figure

A, panel IV, and Figure 2). Using these optimal condi-
ions, comparable Tregs transduction was obtained with
se of full-medium, serum-free medium, and single or
epeated retroviral transduction. Nevertheless, because
se of serum-free medium and single transduction
ielded only the lowest transduction rate (13%) of Teff
ells, we favored this protocol for Tregs transduction for
he following experiments. Under these conditions, over
0%– 40% of the Foxp3-positive cells could be efficiently
ransduced (Figure 1B).

Enrichment and Expansion of Retrovirally
Transduced Tregs
Whereas a Tregs transduction level of 20%– 40%

igure 1. Retroviral transduction of Tregs with a vector encoding anti-
NP TPCR. (A) Assessment of optimal retroviral transduction of isolated
D4�CD25� Tregs by comparison of the following incubation and pre-
ctivation protocols: (I) Complete medium (containing 10% fetal calf
erum) and plastic bound anti-CD3/anti-CD28; (II) serum-free medium
nd anti-CD3/anti-CD28; (III) full medium and Concanavalin A; (IV) se-
um-free medium and Concanavalin A; (V) full medium and Concanava-
in A, repeated retroviral induction after 24 hours; (VI) serum-free me-
ium and Concanavalin A, with repeated retroviral induction after 24
ours. (B) Intracellular Foxp3 expression of the CD4�CD25� Treg pop-
lation 48 hours following transduction using the different protocols
escribed above. Results show a representative experiment out of 5
erformed.
ould be reproducibly achieved using the above protocol,
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o obtain efficient suppressive activity of transduced
regs in in vivo models of inflammation, further im-
rovement of transduction efficiency was required. To
nrich the fraction of TPCR-expressing nTreg, we incu-
ated the retrovirally transduced Tregs on plastic-bound
ovine serum albumin (BSA)-TNP, assuming that anti-
en-specific activation of posttransduction Tregs would
nduce specific proliferation of the desired transduced
Treg population. Indeed, as demonstrated in Figure 3A,
6-day incubation period of transduced nTregs in the

resence of BSA-TNP resulted in enrichment of the GFP-
ositive nTreg population to 80% on average, all trans-
ormed cells being uniformly positive for both Foxp3�
nd the anti-TNP CR (Figure 3B). As early as 3 days after
nitiation of the incubation (Figure 3C), proliferation
enters were observed throughout the BSA-TNP-coated
lates, and, after 6 days, nearly all non-GFP-positive cells
isappeared, whereas GFP-positive cells actively prolifer-
ted. Furthermore, this enrichment technique enabled
he long-term expansion of transduced nTregs, reaching
n average weekly expansion rate of more than 7-fold,
hile maintaining their Foxp3 and CR expression. TNP-
PCR-transduced and enriched nTregs could be repeat-
dly frozen at �80°C and thawed and readily regrown on
NP-bound plates, allowing for cell storage and retrieval

data not shown).

Retrovirally Transduced nTregs Demonstrate
Antigen-Specific Suppressor Function, Both
In Vitro and In Vivo
To demonstrate the in vitro suppressive activity
f retrovirally transduced TNP-specific nTregs, 5 � 104 (
NP-TPCR transgenic (TNP-Tg) Teff cells were cocul-
ured with 2 � 104-irradiated, TNP-loaded CD11c�

ouse dendritic cells, in the presence of wild-type,
NP-Tg, or TNP-TPCR-transduced nTregs. As depicted

n Figure 4A, wild-type Tregs exhibited no suppressive
ffect of TNP-Tg Teff cell proliferation. In contrast,
oth TNP-Tg and TNP-TPCR-transduced Tregs, upon
ctivation by dendritic cells preloaded with TNP, in-
uced comparable levels of significant and dose-depen-
ent suppression of Teff cell proliferation. Similar
esults were obtained when Teff IFN-� secretion was
valuated by enzyme-linked immunosorbent assay
ELISA) (Figure 4B). Suppression of the transduced
regs was as effective as that of the native nTreg,
erived from the TNP-Tg mouse, and could be
chieved at up to 8:1 Teff/Treg ratios (Figure 4C).

To demonstrate the in vivo suppressive capabilities
f TNP-TPCR-transduced nTregs, 1.5 � 105 wild-type,
NP-Tg, or TNP-TPCR-transduced nTregs were adop-

ively transferred into wild-type mice that were in-
uced with acute TNBS colitis (Figure 5). Both
NP-Tg and TNP-TPCR-transduced nTregs induced
omparable improvement (60%) in survival (Figure 5A),
olonoscopy colitis score (Figure 5B and C), and mac-
oscopic (Figure 5D) and microscopic (data not shown)
olitis scores. TNP-TPCR-transduced nTreg protective
ffect was dose dependent, with mild survival advan-
age noted with as little as 5 � 104 TNP-TPCR-trans-
uced nTregs, and with survival reaching 70% when 1.5

105 TNP-TPCR-transduced nTregs were transferred

Figure 2. Optimal duration of
preactivation of Teff and Treg
cells during retroviral transduc-
tion. Following isolation, 2 � 106

Teff cells or Tregs were preac-
tivated with 2 mg/mL soluble
Concanavalin A for the indica-
ted time periods. Activated cells
were then retrovirally transduced
with a vector encoding anti-TNP
chimeric receptor. Following
transduction, cells were incu-
bated for 48 hours and then
double stained for intracellular
Foxp3 and surface expression of
the anti-TNP TPCR. Data shown
are from 1 representative exper-
iment out of 3.
Figure 5E). In contrast, transfer of as many as 2.5 �
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05 wild-type nTregs was not associated with signifi-
ant amelioration of disease severity or improved sur-
ival. Interestingly, reinduction of TNBS colitis in
NP-TPCR Treg-administered mice, 3 weeks following

ecovery from the first TNBS challenge, was associated
ith 75% survival, as compared with only 33% survival

n WT-Treg-administered mice. These results demon-
trate that TNP-TPCR-transduced nTregs are fully
unctional as suppressors of Teff cells and TNBS-
nduced inflammation both in vitro and in vivo, in an
ntigen-specific, dose-dependent, and persistent man-
er.

In Vitro Suppression Induced by TNP-Tg and
TNP-TPCR-Transduced nTregs Is Mediated
by IL-10-Independent, TGF-�-Independent,
and Cell-Contact-Dependent Mechanisms
To understand the mode of suppression of

PCR-transduced nTregs, we cocultured TNP-Tg Teff
ells, TNP-preloaded dendritic cells, and wild-type
NP-Tg or TNP-TPCR-transduced nTregs without ex-
genous IL-2 and measured the levels of cytokine se-
retion (Figure 6). Interestingly, IL-10 was found to be

igure 3. Enrichment and ex-
ansion of the TNP-TPCR-trans-
uced Treg population. Following
etroviral transduction with a vec-
or encoding anti-TNP TPCR,
regs were cultured on plastic-
ound 50 �g/mL TNP-BSA. After
days of culture, (A) GFP expres-

ion and (B) intracellular Foxp3
nd anti-TNP-TPCR expression
ere determined. (C) Appearance
nd GFP fluorescence of the en-
iched cell population after 3 and 6
ays of culture.
ecreted by TNP-Tg Teff cells even in the absence of p
Tregs (Figure 6A), suggesting the type 2 helper T cells
olarization of some or all of these Teff cells (Fried-
ann–Morvinski et al, submitted for publication). The

act that IL-10 secretion was inhibited by either
NP-Tg or TNP-TPCR-transduced Tregs, in concor-
ance with Teff suppression, suggested that IL-10 is
ispensable as a mediator of Teff suppression in our
ystem. TGF-� levels seemed to positively correlate
ith the degree of antigen-specific Treg suppression

Figure 6B), yet the addition of neutralizing soluble
GF-� receptor reduced TGF-� to background levels
ut did not affect the suppression profile (thymidine
ptake or the same experiment, Figure 6C). Coculture
f TNP-TPCR-transduced TGF-� receptor knockout
eff cells with either TNP-TPCR-transduced wild-type
r TNP-TPCR-transduced IL-10 knockout nTregs re-
ulted in comparable levels of suppression, demon-
trating that IL-10, TGF-�, or their combination were
ispensable as mediators of Teff suppression in our
ystem (Figure 6D). To test the possibility of Treg-

ediated IL-2 deprivation (by binding to CD25) as a
ontributory suppressive mechanism (the “sink” hy-

othesis),19 excess IL-2 (2000 U/mL) was added into
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he coculture plates but resulted in no significant
ttenuation of antigen-specific suppression (Figure
E).

In an attempt to determine whether cell-cell contact
s required for suppression, similar coculture experi-

ents were performed in transwells. Under these
onditions, TNP-Tg Treg-mediated suppression was
f

bolished, and TNP-TPCR-transduced Treg-mediated
uppression of TNP-specific Teff was significantly at-
enuated (less than 40% suppression in average, Figure
E) as compared with 75%–95% suppression when cell
ontact was allowed (Figure 4A). Similar results were
btained when Teff IFN-� secretion was evaluated by
LISA (data not shown). Thus, these results suggest

hat IL-10 and TGF-� do not seem to play a major role
n TNP-specific Teff suppression in vitro, whereas this
uppression is partially cell-contact dependent.

Discussion
In this study, we developed an efficient protocol

or retroviral transduction, enrichment, and expansion
f murine nTregs with a vector encoding an anti-TNP
ntibody-based CR to enable antigen-specific allevia-
ion of acute experimental colitis. The TNP-TPCR-
ransduced Tregs maintain high Foxp3 expression and
emonstrate antigen-specific suppressive activity in
itro that is TGF-� and IL-10 independent. In vivo, the
edirected Tregs significantly alleviate acute TNBS co-
itis. Collectively, these data describe the preparation
f highly specific and reactive Tregs that are suitable
or research purposes and provide guidelines and pro-
ocols for future therapeutic applications not only for
olitis but for other types of autoimmune inflamma-
ory diseases.

Practically, efficient Tregs transduction requires dif-
erent conditions from those used for Teff cells.
riefly, these conditions include a short (14 –18 hours)
reactivation of Tregs with Concanavalin A, incuba-
ion with serum-free medium, and supplementation
ith high doses of IL-2. Notably, prolonged preactiva-

ion, considered optimal for Teff transduction, re-
ulted in massive Tregs cell death and consequently in
oor transduction efficacy. Avoiding these “Teff favor-

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 4. TNP-TPCR-transduced Treg antigen-specific suppression
f Teff proliferation. (A) TNP-Tg Teff cells (5 � 104) were cocultured with
ild-type (WT), TNP-Tg, or TNP-TPCR-transduced Tregs in the pres-
nce of 2 � 104 TNP-preloaded irradiated CD11c� dendritic cells. Teff
roliferation was measured after 72 hours by 3H-Thymidine incorpora-

ion. Each group was cultured in quadruplicate, and the experiment was
epeated 3 times. The data shown represent mean (�SD) of quadrupli-
ate cultures of a single experiment representative of 3. TNP-Tg Teff cell
roliferation was significantly lower when cocultured with TNP-Tg and
NP-TPCR transduced Tregs (P � .05). (B) IFN-� levels from the ex-
eriment depicted in A were determined by ELISA. IFN-� levels were
ignificantly lower in TNP-Tg and TNP-TPCR transduced Treg cocul-
ure wells (P � .05). (C) TNP-Tg Teff cells (5 � 104) were cocultured with

T, TNP-Tg, or TNP-TPCR transduced Tregs (1 � 105 in the 2:1 ratio,
nd progressively reduced doses thereafter) in the presence of 2 � 104

NP-preloaded irradiated CD11c� dendritic cells. Teff proliferation was
easured after 72 hours by 3H-Thymidine incorporation. Each group
as cultured in quadruplicate, and the experiment was repeated 3

imes. The data shown represent mean (�SD) of quadruplicate cultures

rom 1 experiment representative of 3.
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May 2009 Tregs EXPRESSING FUNCTIONAL CHIMERIC RECEPTORS 1727
ble” conditions decreases the risk of contaminating
ffector T cells that may have a proliferation and
urvival advantage and could have a deleterious effect,
f introduced in vivo, by enhancing the autoimmune
isorder.
Our finding that preactivation of murine Tregs with

oncanavalin A is superior to that using anti-CD3/
nti-CD28 antibodies may be due in part to the re-
uced secretion of IL-2 following Concanavalin A ac-
ivation, which has been shown to bear tolerogenic
ffects on Teff cells.20 In contrast, anti-CD3/anti-CD28
ntibodies were suggested to effectively promote Tregs
roliferation only in the presence of high levels of
nti-CD28, while promoting enhanced activation-in-
uced apoptosis, which is only partially preventable by

igure 5. Adoptive transfer of
NP-TPCR-transduced Tregs
meliorates TNBS colitis. (A–D)
NBS colitis was induced in WT
ice (n � 8) on day 0. After 16

ours, Tregs (1 � 105) from wild-
ype (WT), TNP-Tg, or TNP-
PCR-transduced mice were
doptively transferred to recipi-
nt mice. Mice were evaluated
or the following parameters: (A)
urvival rates. (B) Colonoscopic
ppearance in representative
ice. (C) Colonoscopic colitis

everity score. (D) Macroscopic
ppearance of representative
olons from each group. TNBS-

nduced mortality and colitis se-
erity score were significantly
ower in TNP-Tg and TNP-
PCR-transduced Treg-admin-

stered mice as compared with
ice treated with WT-Treg (P �

05). The data shown represent
he average from 1 representa-
ive experiment. (E) For the as-
essment of dose response,
NBS colitis was induced in WT
ice (n � 9) on day 0. After 16

ours, WT Tregs (0.5 � 105, 1 �
05, 1.5 � 105, 2.5 � 105) or
NP-TPCR-transduced Tregs

0.5 � 105, 1 � 105, 1.5 � 105)
ere adoptively transferred to

ecipient mice. TNBS-induced
ortality was significantly lower

n 1.5 � 105 and 1 � 105 TNP-
PCR-transduced, Treg-admin-

stered mice (P � .05).
igh levels of IL-2.21 s
The use of a defined serum-free medium (Biotarget
) obviates the need for serum and provides a clinically
ertified reagent for ex vivo manufacture of Tregs. The
se of serum-free conditions has the added advantage
f a reduction in the amounts of nonspecific growth
actors and inhibitors of T-cell activation, elimination
f lot to lot variation in serum preparations, and
eduction in background levels of cytokines that may
dversely influence Tregs activation and transduction
fficacy.22 The addition of high IL-2 doses to the ret-
oviral transduction medium was required for success-
ul nTreg transduction. IL-2 is the key cytokine respon-
ible for survival signaling of nTregs23 and has been
uggested to activate STAT5 via the JAK1/3 kinase and
o promote Treg survival and proliferation by tran-

criptional activation of D cyclins 2 and 3.23,24
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igure 6. Mechanisms of suppression of TNP TPCR-transduced and TNP-Tg cells. (A) TNP-Tg Teff cells (5 � 104) were cocultured with wild-type
WT), TNP-Tg, or TNP-TPCR-transduced Tregs (5 � 104) in the presence of 2 � 104 TNP-preloaded irradiated CD11c� dendritic cells. The IL-10
ontent in the supernatants was measured after 72 hours by ELISA and was significantly lower when Teff cells were cocultured with TNP-Tg and
NP-TPCR-transduced Tregs (P � .05). (B and C) Coculture experiments (as in A) with the addition of 10 �g/mL soluble TGF-� receptor to neutralize
GF-�. TGF-� secretion (ELISA; B) and Teff proliferation (3H-Thymidine incorporation; C) were measured after 72 hours. TNP-Tg Teff cell prolifer-
tion, even after elimination of TGF-�, was significantly lower when cocultured with TNP-Tg and TNP-TPCR-transduced Tregs (P � .05). (D)
oculture experiments (as in A) using TNP-TPCR-transduced TGF-� receptor knockout (KO) CD4� cells as effector cells that were cocultured with
ither wild-type, TNP-TPCR-transduced, or IL-10-knockout TNP-TPCR-transduced Tregs. Teff proliferation (3H-Thymidine incorporation) was
easured after 72 hours and was significantly lower when cocultured with either TNP-TPCR or IL-10-knockout TNP-TPCR-transduced Tregs (P �

05). (E) Coculture experiments (as in A) with and without addition of excess exogenous mouse IL-2 (2000 units/mL). Teff proliferation (3H-Thymidine
ncorporation) was measured after 72 hours and was significantly lower when cocultured with TNP-Tg and TNP-TPCR-transduced Tregs, with or

ithout IL-2 (P � .05). (F) To study the dependence of Tregs on intercellular contacts, coculture experiments were performed in transwells. Teff cells
ere incubated in the lower chamber and Tregs in the upper chamber, whereas 2 � 104 irradiated CD11c� dendritic cells were added to both
hambers to enable antigen-specific Teff and Tregs activation. Teff proliferation was measured after 72 hours by 3H-Thymidine incorporation. The

ata shown represent mean (�SD) of quadruplicate cultures of a representative experiment of 3 performed.
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In vitro, we demonstrated that suppression induced
y TNP-TPCR-transduced Tregs, similar to native
NP-Tg Tregs, is mediated via pathways that are IL-10-
nd TGF-� independent. In contrast to the absolute
eed of IL-2 in the transduction phase, excess exoge-
ous IL-2 had no effect on Treg suppression in the
oculture experiments (Figure 6E), thereby ruling out
he possibility of Treg IL-2 deprivation as a contribu-
ory suppressive mechanism (the “sink” hypothesis).19

n contrast, both TNP-Tg and TNP-TPCR-transduced-
reg mediated suppression was partially contact de-
endent (Figure 6F). Indeed, the importance of contact
ependency for nTregs suppression has been previ-
usly studied. Proximity-dependent mechanisms that
ave been suggested include Perforin–Granzyme-depen-
ent Tregs lysis of Teff cells,25,26 LAG-3-induced Teff sup-
ression through interaction with MHC class II proteins,27

nd nTreg induction of Teff cell apoptosis via activation
f the Fas-Fas ligand pathway28 –30 as well as contact-
ependent repression of Teff cytolytic function.31,32 Ad-
itional, less defined, mechanisms of suppression include
reg’s repression of Teff migration by induction of re-
uced interferon-�-dependent CXCR3 expression33 and

nduction of Teff anergy by inhibition of early IL-2 se-
retion.34 –36 Another potentially important Treg-related
nhibitory cytokine is the recently discovered IL-35,
hich has been shown to potently inhibit Teff cell pro-

iferation and activity.37 Indeed, any combination of
hese Treg suppressive functions may play a role in TNP-
PCR-transduced Tregs antigen-specific suppression.38

hese diverse contact-dependent and -independent
echanisms, as well intracellular-signaling events follow-

ng TPCR-antigen binding, merit further studies.
Our results have both research and therapeutic im-

lications. For research use, the protocol we described
erein enables the efficient retroviral transduction of
urine nTregs, allowing the use of animal models to

tudy nTreg generation, activation, homeostatic pro-
iferation, and function by stable expression of pro-
eins and RNAi. Whereas transduction of Teff cells
ith vectors encoding ectopic Foxp3 has been previ-
usly shown to confer a Treg phenotype,13,39,40 the
Treg gene expression profile only partially overlaps
hat of cells ectopically expressing Foxp3�.41 Thus,
bservations made on the basis of study of these
oxp3-modified Teff cells may now be confirmed in
tudies utilizing nTregs, using the transduction proto-
ol we describe here. In addition, our approach allows
or rapid and efficient selection of transduced antigen-
pecific Tregs, whose rarity and anergy preclude the use
f conventional purification methods such as cell sort-

ng and antibiotic selection.14 We suggest that nTregs
ay be transduced with vectors coencoding the TNP-

pecific TPCR (or any other one) and additional genes
f interest (through an internal ribosomal entry site, as

e used here for the GFP marker). Successfully trans-
uced cells can then be isolated on the basis of growth
n plastic-coated antigen, allowing for expansion, pu-
ification, and subsequent experimentation with suffi-
ient numbers of nTregs that strongly express the gene
f interest.
Therapeutically, our approach allows for redirection

f nTregs with specificity against any predetermined
ntigen in a clinical setting. This, along with the en-
uing expansion and purification protocol, paves the
oad for future therapeutic application of Tregs ther-
py in inflammatory bowel disease, as well as other
rgan-specific and nonorgan-specific autoimmune dis-
rders.42,43 Compared with polyclonal Tregs, our ap-
roach allows for the use of smaller and easily obtain-
ble Treg numbers for significant therapeutic effect
Figure 5E). The preferential survival of TNP-TPCR-
ransduced, Treg-administered mice even after a sec-
nd TNBS challenge may point to the development of
ersistent tolerance. This phenomenon may suggest
he potential of maintenance therapy, yet its nature
nd mechanisms need to be further investigated in
uture studies. As we previously showed, lack of known
isease-causing antigens in most autoimmune disor-
ers can be overcome by redirection of Tregs against a
isease-associated or tissue-specific antigen, resulting

n a “bystander” tissue-specific Treg activation and
uppressive function.12 In contrast to nonspecific ap-
roaches that necessitate massive nonantigen-specific
Treg expansion and subsequent transfer to diseased
nimals,44,45 our approach is expected to require trans-
er of only small numbers of redirected nTregs to
chieve a meaningful clinical effect. As such, it may be
lso used in the transplantation setting, in which re-
irected Tregs can be used to prevent and cure both
ejection episodes and graft-vs-host disease.46

In summary, this report provides a proof of concept
or retroviral transduction of nTregs that allows redi-
ection of the specificity of Tregs by a TPCR targeting
predetermined model antigen, TNP. Such retrovirally

ransduced, TNP-redirected Tregs are specifically acti-
ated in a non-MHC, non-TCR, and non-costimula-
ion-dependent manner; their mechanism of action is
artially contact dependent and suppresses acute coli-
is in an antigen-specific manner. This approach may
e valuable in directing Tregs to combat autoimmune
isease even in cases when the inciting, pathogenic
ntigen(s) is, as yet, unknown.
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